Abstract: A zero-voltage transition (ZVT) soft-switching inverter for an induction motor drive is developed. The proposed soft-switchng inverter is formed from the traditional pulse-wi dth modulated (PWM) inverter by simply augmenting with auxiliary resonant circuits, and the soft switching is acheved through applying PWM switching control signals with suitable delays for the main and auxiliary switches. No additional voltage and current sensors are required in the implementation. The operations and governing equations in various modes of the proposed soft-switching inverter are first analysed then, accordingly, a quantitative design procedure is given to find the values of the auxiliary resonant circuit components and the delay times of the switches for achieving ZVT control. Finally, the designed soft-switching inverter is used for powering an indirect field-oriented ( [FO) induction motor drive to test its effectiveness. The simulation and measured results show that a smaller switching loss and higher conversion efficiency are obtained by the proposed soft-switching inverter. 
input filter capacitance of inverter anti-parallel diodes of main switches diodes used in auxiliary resonant branches for releasing the energy stored in the resonant inductor diodes used in auxiliary resonant branches to prevent the undesired resonance switching frequency of inverter continuous drain current of MOSFET pulsed drain current of MOSFET currents of main switches TA+ and TAcurrents of auxiliary switches TAr+ and resonant inductor current of auxiliary resonant branch of soft-switching inverter line current of induction motor maximum value of ZA current command of 1, maximum current of iLAy resonant inductor current in on-state mode It is known that the performance of a pulse-width modulated (PWM) inverter-fed systern can be much improved by increasing the switching frequency. However, this will suffer by giving high switching losses and large switchmg stresses of the power devices, arid moreover, the problem of electromagnetic interference [l, 21. During the past decades, many attempts [3-121 have becn made to solve these contradictory problems. Among these, the resonant DC-link inverter [3, 41 is the most commonly used one for induction motor drives, owing to its simplicity, but it possesses the disadvantage of having a hgh resonant link voltage, which is equal to or greater than twice the supply voltage. Several approaches [ S , 61 have been developed to limit this overvoltage, but they are not suitable for performing PWM switching operations. In the existing parallel resonant DClink circuit [7] and synchronised resonant DC-link converter [8] , the soft switching is acheved using additional switches. Their resonant circuits are complex and difficult to control. In addition, their peak DC-link voltages are also higher than the supply voltage, and the auxiliary switch current is not zero during the steady-state, which will lead to increased conduction losses.
TAr-
To solve the aforementioned overvoltage and the limitation of PWM operation problems, some resonant snubberbased soft-switchmg PWM inverters have been devised in . Although the soft switching of main switches can easily be accomplished by adding auxiliary switchmg branches to the conventional inverter circuit and giving proper switchmg control signals, different problems still exist in different types of inverters. For example, the ordinary resonant snubber inverter [9] or the auxiliary resonant commutated pole inverter [lo] needs two equal and bulky capacitors connected in series to accomplish commutation. The resonant zero-voltage transition (ZVT) inverters developed in [ll, 121 require multiple transitions to achieve the desired state changes, and voltage clamping diodes are also needed to avoid overvoltage across the auxiliary resonant switch during resonant current resetting. Recently, a threephase delta configured resonant snubber inverter for an induction motor drive has been developed [13] . The auxiliary resonant branches are connected between different phase-leg outputs to avoid using additional bulky capacitors and generating overvoltage in the resonant switches. However, it possesses a h t a t i o n in switching control as the nonadjacent state-space vector modulation is used for releasing the energy stored in the resonant inductor to accomplish soft switching. T h s limits the switching control flexibility and thus produces larger current ripples. In addition, its switching control signal generation scheme is still complicated.
A three-phase ZVT soft-switching inverter for an induction motor drive is developed in this paper. The proposed inverter circuit is formed from the conventional inverter with its main switches being connected in parallel with auxiliary resonant branches. The soft switching is successfully achieved by simply applying suitably modified switching control signals for the main and auxiliary switches during the blanlung time periods of the original PWM signals. Since ZVS and/or ZCS at tum-on and tum-off of all main switches and diodes can be achieved, the switching losses can be significantly reduced. Compared with the main switch, the current rating of the auxiliary switch can be chosen to be much smaller owing to its very small conduction duty ratio. In addition, the overvoltage across the auxiliary resonant switch is also limited to be small by the proposed soft-switching scheme. Moreover, since the main switch and the auxiliary switch can be independently controlled, the PWM switching control of the inverter is very flexible. After performing the detailed analyses for all operation modes of the proposed inverter, a procedure is established to quantitatively design the circuit components. The validity of the designed inverter is verified by some simulation and experimental results on a vector-controlled induction motor drive with impressed currents [17, 181. The system configuration of the proposed soft-switching inverter-fed induction motor drive is shown in Fig. 1 . The power circuit and switching control mechanism of ths softswitching inverter are constructed from those of a conventional PWM inverter by only slight modifications. The switching signals generated from the conventional indirect field-oriented current-controlled PWM mechanism are processed by the proposed soft-switching control signal generating scheme to yield the desired switching signals. Fig. 2 shows the circuit configuration of the proposed three-phase soft-switching inverter. Each main switch leg is connected to an auxiliary switch leg through an inductor, which is common for the upper and lower parts of each leg. Each auxiliary resonant branch ( T A + as an example) consists of an unidirectional auxiliary switch TA]+, two diodes DAl+ and Dui+, a resonant inductor L A r and a snubber capacitor CA,+ of the main switch TA+. The diode DAr+ is used to provide a path for releasing the energy stored in LAr, and the diode D,,, is employed to prevent undesired resonance forming by the resonant inductor and the parasitic capacitor of the auxiliary switch. The switching control signals of all switches during one particular switching period are shown in Fig. 3 . The softswitching of a main switch is achieved by the switching control of an auxiliary switch, whose tum-on period is allocated during the blanking time period of the main switch. Therefore the auxiliary switches only conduct in a very short time interval. Since each main switch of the proposed inverter can be independently operated, the analysis of the three-phase inverter switching operation can be made based on the single-phase approach. The operating principle of the proposed soft-switching inverter is explained by the tum-on and tum-off of the switches in leg A with the related voltage and current waveforms being sketched in Fig. 3 .
To simplify the analysis, the following assumptions are 
, where C, is the sum of the IGBT's parasitic capacitance and the added extemal capacitance, respectively, and the resonant inductance L, is much smaller than the motor inductance so that the load current can be regarded as constant during the short switching period. For the inverter with a lagging power factor load, as the main switch is turned on, it will be operated in an proposed inverter under various, modes in these two states are described in detail in the Appendix (Section 8.1).
According to the analysis made in this Appendix, the soft-switching characteristics of all the switches and diodes employed in the proposed soft-!;witching inverter are summarised in Table 1 . For the main switches and diodes, the ZVS and/or ZCS switchngs are obtained, and the zerovoltage transitions of the main switches are successfully achieved. As for the auxiliary resonant branches, only hard switching at the switches' turn-off exists. However, since MOSFETS with much lower ratings can be employed for the switches, their switching 1 osses are negligibly small owing to the very fast switching characteristics. This phenomenon can be observed frorn the simulated and measured results provided later. It follows that the proposed soft-switching inverter possesses much improved conversion efficiency compared with the conventional inverter. 
I Switching signal generating scheme
It is clear from the analysis made in the Appendix (Section 8.1) and the waveforms sketched in Fig. 3 that the proposed soft switchings can be sui:cessfully achieved by letting the turn-on of the auxiliary switch intervene between the switchmgs of the upper and lower main switches of each leg. The turn-on interval of the audmry switch should satisfy the condition of eqn. 15. Generally, it is suacient to let this turn-on interval be equal to the blanking time tA. This will significantly facilitate the implementation of the switching signal generating scheme. Accordingly, a switching signal generating scheme for realising the proposed PWM soft-switching control is shown in Fig. 4 , whch is easily obtained from the conventional PWM switching scheme by slight modification. It follows that the turn-on interval (th> of the auxiliary switch and its current rating should be determined according to eqns. 13 and 14 in the conduction-state mode. According to the governed equations derived in the previous Section and the waveforms sketched in Fig. 3 , the circuit components of the auxiliary resonant branch can be systematically found according to the following procedure:
Design procedure:

Specfy td and t,:
Since tcl = tA = tS6 + t6, + tE from eqn. 15, if the delay time tlI is specified too small there will be no sufficient time of tE to let the circuit be normally operated. Conversely, if td is too long, the PWM switching performance will be much deteriorated. Generally, td can be specified to be O.O5(T,) to O.l(TJ, according to the typical value of the forward recovery time of the anti-parallel diode and the switching speed of the main switch, or it is also satisfactory to specify tfi (= tA), according to the typical blankmg time for the chosen main semiconductor switch. Fig. 3 
Determine the maximum resonant inductor current
Selection of auxiliary switches: Since the conduction duty ratio of the auxiliary switch is very small, a small rating MOSFET can be employed. The details about the selection will be explained numerically in the following Section. Due to the high-speed switching characteristic of MOSFET and the possession of ZCS turn-on switching, very low switching losses of the auxiliary switches can be obtained. Based on the design procedure described above and the given system ratings, the design of the circuit components of the proposed inverter is presented in the Appendix (Section 8.2).
Simulation and experimental results
Before performing the implementation, some Pspice simulations are made for a vector-controlled induction motor drive with an impressed current to check the validity of the analysis and design presented above. Under the maximum load current = 7.64A, the simulated waveforms of the designed soft-switching inverter withA = 40kHz at onstate and conduction-state within a switching period are plotted in Fig. 5 . The results show that TA+ is operated in the on-state (modes 0 to 4) and TA-is operated in the conduction-state (modes 5 to 10) with the waveforms being similar to those predicted in Fig. 3 . In addition, the values of the simulated variables are also all close to those derived. Having tested the validity of the designed soft-switching scheme by simulation, the circuit of the designed inverter for driving the I F 0 induction motor drive, shown in Fig. 1 , is implemented. The induction motor is mechanically coupled to a DC generator with a switched resistor as a dynamic load. The motor speed is operated at o,,, = lOOOrpm and R, = 27.8Q. Figs. 6a and b show some measured waveforms of the main switch TA-and the auxiliary switch TAr-of the designed soft-switching inverter. The results are very close to the predicted ones. One can observe from the results shown in Fig. 6 that, in addition to the main switch, the switchng loss produced by the auxiliary switch is also very small. This confirms the comments made previously. For the same operating conditions, the measured waveforms of the inverter with a typical R-C snubber and conventional PWM hard switching are plotted in Fig. 7. Comparison between the results of Figs. 6 and 7 indicates that owing to the zero-voltage-transition by soft switching, the proposed inverter possesses much less switching power loss, turn-on dddt and dildt in the main switch.
The conversion efficiencies at three output powers under five switching frequenciez, are compared in Fig. 8 . The efficiency of the inverter is measured by using the power meters placed at its input and output sides, and the efficiency is defined as 4 PoutlPin (P,n and Pout denote the input and output powers of the inverter, respectively). Higher efficiencies yielded by the proposed inverter are clearly observed from the results shown in Fig. 8 . The efficiency improvement at lighter load and higher switching frequency is more prominent, since the proportion of switching loss is larger. 
Measured rotor speed d y -k i c responses
Conclusions
The design and implementation of a resonant snubberbased soft-switching inverter-fed indirect field-oriented induction motor drive are presented. The proposed softswitching inverter is constructed from the conventional one by simply augmenting with auxiliary resonant branches, and the soft-switching is easily achieved by suitable switching of the auxiliary switch within the blanking time period of the main switches. The major advantage of the proposed inverter is that the switches in each inverter leg can be independently controlled, therefore the PWM switching control is very flexible. Having derived the governed equations in various operation modes, the quantitative design of the proposed soft-switching inverter is performed. The simulation and measured results demonstrate that good performances of the inverter and the induction motor drive are obtained through using the proposed soft-switching scheme.
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This research was supported by the National Science Council, Taiwan, ROC, under grant #NSC-88-2213-E-007-084. where C,, and CDA,-(not explicitly shown in Fig. 12) denote the parasitic capacitances of TA, and DAV . The current paths in this mode are shown in Fig. 12 .
Mode 1 (tl -t2): At t = t l , the main switches TA-and TB+ are turned off with ZVS, due to vA-(tl) = vB+ (tl) = 0, and meanwhile the auxiliary switches TA,+ and TBr-(rather than the main switches TA+ and Ts-) are turned on for a blanking time interval tb T h s leads 1. 0 the circuit configuration and current paths shown in Fig. 13 . During this period, vu+ = 0 and vo-= V,. Through careful derivation, the resonant capacitor voltages and inductor {current can be found to be VA-= "+ = vc+ --0, and vA+ = vB-= vC-= V& The: volt- Fig. 17 . The resonant inductor current can be found as
The resonant inductor current iLAr = -iAr-increases linearly in the negative direction until it reaches -1~ at t 6 where DA+ is turned o f f with ZCS. This mode ends at t = t6 with the time interval found from eqn. 9:
Mode 6 (t6 -t 7 ) : After the turn-off of DA+ at t = t6, the resonant circuit is formed by LA,., CA,.+, CA,, Do, and TAr-, as shown in Fig. 18 with the initial condition iLAr(t6) = -ZA. The resonant inductor current and the capacitor voltages are found to be
In this interval, va+ = V, and v, = 0.
The resonant inductor current iLAr continues to increase in Mode 10 (t10 -): After the turn-off of DA+ at t 2 tlo, the circuit configuration becomes that shown in Fig. 22 . TAconducts the load current totally, and one cycle of the switching operation from TA+ ON (on-state) to TA-ON (conduction-state) is completed. The soft-switching is achieved by simply arranging the turn-on of the auxiliary switch TAr-within the blanking time interval.
Design of circuit components
The ratings of the proposed soft-switching inverter driving a three-phase 800W, 120V, 5.4A, 2000rpm induction motor are listed as follows: 
The components of the inverter shown in Fig. 2 From Fig. 3 and the data givl:n above, the worst auxiliary switch current can be regarded as a periodic pulse with a duty ratio of 6% and an amplitude of 10.7A. According to the MOSFET data book, IRF840 having the following parameters may be a tentative candidate: It follows that IRF840 is suited to be an auxiliary switch in the designed soft-switching scheme.
